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Through their capacity to sense danger signals and
to generate active interleukin-1b (IL-1b), inflamma-
somes occupy a central role in the inflammatory
response. In contrast to IL-1b, little is known about
how IL-1a is regulated. We found that all inflamma-
some activators also induced the secretion of
IL-1a, leading to the cosecretion of both IL-1 cyto-
kines. Depending on the type of inflammasome acti-
vator, release of IL-1a was inflammasome depen-
dent or independent. Calcium influx induced by
the opening of cation channels was sufficient for
the inflammasome-independent IL-1a secretion. In
both cases, IL-1a was released primarily in a pro-
cessed form, resulting from intracellular cleavage
by calpain-like proteases. Inflammasome-caspase-
1-dependent release of IL-1a and IL-1bwas indepen-
dent of caspase-1 catalytic activity, defining a mode
of action for caspase-1. Because inflammasomes
contribute to the pathology of numerous chronic
inflammatory diseases such as gout and diabetes,
IL-1a antagonists may be beneficial in the treatment
of these disorders.
INTRODUCTION
The most prominent members of the interleukin-1 (IL-1) super-
family are IL-1a (encoded by Il1a) and IL-1b (encoded by Il1b).
In contrast to most other cytokines, they lack signal peptides
and are therefore synthesized in the cytoplasm and secreted
by an unconventional, endoplasmic reticulum-Golgi-indepen-
dent mechanism (Sims and Smith, 2010). IL-1a was reported
to be more widely and constitutively expressed and has intracel-
lular functions, but also acts locally in a membrane-bound form
by activating IL-1R1 (Dinarello, 2009). Additionally, passive
release of IL-1a upon cell death can trigger a sterile inflammatory
response to dying cells (Chen et al., 2007). Although IL-1a can be388 Immunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc.cleaved, cleavage is not mediated by caspase-1 (Howard et al.,
1991) and is not required for binding to IL-1R1.
Given that both IL-1 cytokines bind and activate the same
receptor (Mosley et al., 1987), they should in principle have iden-
tical biological functions. IL-1R1 is ubiquitously expressed and
controls local and systemic reactions including inflammation
and fever (Sims and Smith, 2010), thereby playing a crucial role
in host defense. However, dysregulated IL-1 production drives
pathology of a number acquired and hereditary autoinflam-
matory conditions, as demonstrated by the efficacy of IL-1R1
antagonists in conditions such as hereditary periodic fever
syndromes, gout, and type 2 diabetes (Dinarello, 2009).
Through its participation in multiprotein complexes called
inflammasomes, caspase-1 (encoded by Casp1) is autoproteo-
lytically activated and subsequently mediates the maturation of
IL-1b by proteolytic cleavage. Interestingly, caspase-1 activation
by inflammasomes is also required for the secretion of IL-1b,
which occurs via a poorly understood mechanism. Minimally,
inflammasomes contain an oligomerized sensor protein con-
nected to caspase-1 through homotypic domain interactions
(Schroder and Tschopp, 2010). In most cases, this connection
is mediated by the adaptor protein ASC (encoded by Pycard).
Four types of inflammasomes have been most intensely studied:
the NLR pyrin domain containing 1 (NLRP1), NLRP3, NLR con-
taining a caspase recruitment domain 4 (NLRC4), and absent
in melanoma 2 (AIM2) inflammasomes (Schroder and Tschopp,
2010). Whereas NLRP1 and NLRC4 can be activated by micro-
bial stimuli such as anthrax lethal toxin and Salmonella sp.,
respectively, AIM2 is activated by the presence of DNA in
the cytoplasm. The NLRP3 (also known as cryopyrin, NALP3,
CIAS1, and PYPAF1) inflammasome is currently the most fully
characterized. It is activated by an ever-expanding list of struc-
turally and chemically diverse stimuli. These include extracellular
adenosine triphosphate (ATP), gout-associated monosodium
urate (MSU) crystals, environmental and industrial particles
and nanoparticles such as asbestos, silica, alum, and titanium
dioxide (TiO2), bacterial toxins such as nigericin, and live patho-
gens such as Candida albicans (Schroder and Tschopp, 2010).
How such a plethora of stimuli can activate the same cellular
mechanism remains poorly understood. However, inhibitor
studies suggest a role for potassium (K+) efflux, elevated levels
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Inflammasomes and IL-1aof reactive oxygen species (ROS), and the activity of lysosomal
cathepsins (Gross et al., 2011).
Although the inflammasome can play a protective role in host
defense against infection, hyperactivation of the inflammasome
can result in autoinflammation. In both cases, IL-1R1-dependent
inflammation is most often attributed to IL-1b (Dinarello, 2009),
perhaps because caspase-1 cleaves and activates IL-1b, but
not IL-1a. The possibility of a direct, inflammasome-mediated
contribution of IL-1a has been largely overlooked. Thus, the
aim of this study was to comprehensively elucidate the sources,
triggers, andmechanismsof IL-1aproduction.We tested abroad
panel of activators of four different types of inflammasomes and
found that all activators induced the simultaneous secretion
of IL-1a and IL-1b. Although most activators fully relied on the
inflammasome for IL-1a secretion, particulate activators of
NLRP3 and strong inducers of calcium influx induced the pro-
cessing and secretion of IL-1a in an inflammasome-independent
manner. Additionally, we found that the ability of caspase-1 to
control the secretion of a nonsubstrate target such as IL-1a
was attributed to a protease activity-independent function of
caspase-1.
RESULTS
IL-1a Dominates in IL-1R-Dependent MSU-Induced
Peritonitis
Various studies have implicated IL-1a in host defense and
inflammation in vivo, but through mechanisms that remain
unclear (Chen et al., 2007; Di Paolo et al., 2009; Duewell et al.,
2010; Joosten et al., 2010; Vonk et al., 2006). We began this
study by investigating whether IL-1a contributes to particle-
induced peritonitis, a model that has been widely used to
demonstrate a role for the inflammasome in vivo. Intraperitoneal
injection of MSU evoked significant neutrophil recruitment and
IL-6 production 4 hr after injection (Figure 1A). Both neutrophilic
infiltrate and IL-6 production were IL-1 dependent, given that
they were significantly reduced in Il1r1/ mice (Figure 1A).
In order to determine the relative contribution of IL-1a and
IL-1b in this model, we examined MSU-induced neutrophil influx
in mice deficient for either cytokine. Although the inflammatory
response showed some dependence on IL-1b, IL-1a deficiency
had a more profound effect (Figure 1B). The finding that the
Il1a/ mice were more protected from peritonitis than the
Il1b/ mice was somewhat surprising, given that MSU treat-
ment induced 8-fold more IL-1b than IL-1a in wild-type mice
(Figures 1A and 1B). IL-1b was reduced in Il1a/ mice, but not
vice versa (Figure 1B). The fact that this was not observed in
the Il1r1/ mice (Figure 1A) suggests an ability of IL-1a to regu-
late IL-1b independent of receptor binding. Thus, through both
extracellular and intracellular functions, IL-1a appears to be
a more important effector than IL-1b in MSU-induced peritonitis.
All Inflammasome-Activating Stimuli Trigger
the Secretion of IL-1a
In order to elucidate the sources of IL-1a, we quantified IL-1a
mRNA in various murine tissues. The expression pattern and
amounts of IL-1a mRNA were very similar to that of IL-1b, being
largely restricted to activated myeloid cells (Figure 1C). Because
IL-1a expression was highest in LPS-treated bone marrow-derived dendritic cells (BMDCs), we decided to study the mech-
anism of its secretion in this cell type. Although stimulation of
Toll-like receptor 4 (TLR4) with LPS induced transcription and
translation of proIL-1a (Figures 1C and 1D), it did not lead to
IL-1a secretion (Figure 1E). Similar results were observed upon
treatment with other TLR agonists such as R848 (TLR7 and
TLR8) or CpG (TLR9) and with heat-inactivated C. albicans
(Figures 1D and 1E). In contrast, stimulation of LPS-primed
BMDCs or bone marrow-derived macrophages (BMDMs) with
activators of the NLRP3 inflammasome induced the secretion
of IL-1a (Figure 1E and Figure S1A available online). These data
are reminiscent of the results previously reported for IL-1b (Gross
et al., 2009), inwhich activation of TLRs induces theproduction of
pro-IL-1b (priming step) but is unable to trigger its cleavage or
secretion of this cytokine, for which a specific inflammasome-
activating signal is required (Figures 1F, 1G, and S1B).
To rule out that the NLRP3 agonist-induced release of IL-1a
occurs uniquely in murine myeloid cells, we also tested human
cells and cells of other lineages. LPS-primed human primary
monocytes as well as primary human keratinocytes and murine
primary astrocytes also displayed secretion of both IL-1a and
IL-1b in response to various stimuli (Figures S1C–S1G). Collec-
tively, these data indicate that the appearance of IL-1a extracel-
lularly requires both priming to induce intracellular expression of
IL-1a and a second, independent signal (provided by inflamma-
some activators) that induces secretion of IL-1a.
IL-1a Secretion Follows the Same Kinetics as IL-1b
Secretion and Precedes Cell Death
Passive release of IL-1a upon cell death has been reported for
certain cell types (Chen et al., 2007). In order to determine the
contribution of cell death to IL-1a secretion by BMDCs, wemoni-
tored cell death and secretion of IL-1a and IL-1b over the course
of 4 hr (Figure 2A). For all activators tested, the secretion kinetics
of IL-1a strictly followed that of IL-1b. Cell death, as measured
by lactate dehydrogenase (LDH) release, occurred later and to
a lesser extent and did not tightly correlate with the secretion
of IL-1a and IL-1b.
Cleaved and Uncleaved Forms of IL-1a Are Secreted,
and Both Are Similarly Bioactive
Cleavage of IL-1b has been proposed to be a prerequisite for its
secretion. We therefore asked whether processing of IL-1a also
coincides with its secretion upon stimulation with inflammasome
activators. Using an antibody that detects the C terminus of
murine IL-1a (Fuhlbrigge et al., 1988), we found that similar to
IL-1b, IL-1a was secreted almost exclusively in a cleaved form
upon NLRP3 activation with MSU, alum, live C. albicans, or
nigericin (Figure 2B). However, there was a notable exception.
Whereas caspase-1 and IL-1b were secreted in their cleaved
forms after 30 min exposure to 5 mM ATP, IL-1a was secreted
only in its full-length form under this condition (Figure 2B). None-
theless, at lower doses of ATP, cleaved IL-1a was co-secreted
(Figure 2C). All other stimuli caused secretion of the same ratio
of the cleaved to uncleaved IL-1a, regardless of dose or time
(Figures 2C and S1H–S1J).
Whereas only the cleaved IL-1b and not pro-IL-1b can bind
IL-1R1, the cleaved and uncleaved forms of IL-1a are both
capable of binding IL-1R1 (Mosley et al., 1987). Secretion ofImmunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc. 389
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Figure 1. Inflammasome Activators Induce the Simultaneous Secretion of IL-1a and IL-1b In Vivo and In Vitro
(A) MSU-induced neutrophil influx and cytokine production in the peritoneal cavity of wild-type (wt) or Il1r1/ mice (n = 5 per group) was determined by flow
cytometry and ELISA.
(B) Neutrophil influx into the peritoneal cavity of Il1a/ and Il1b/ as compared to wild-type was induced and analyzed as in (A) (n = 4 per group) (*p < 0.05;
**p < 0.01; ***p < 0.001).
(C) cDNA was transcribed from RNA preparations from various mouse tissues and bone marrow-derived myeloid cell cultures and analyzed for IL-1a expression
by qPCR. Data are presented as expression relative to Hprt. BMDCs were left untreated or stimulated with 10 ng ml1 of LPS or 5 3 106 cells ml1 of
heat-inactivated C. albicans overnight.
(D–G) BMDCs were left unprimed (D and F) or primed for 3 hr with 10 ng ml1 LPS (E and G) and left untreated or stimulated as indicated. IL-1a and IL-1b were
quantified from cell-free supernatants (E and G) or cell lysates (D and F) by ELISA and are depicted as mean ± SD.
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Inflammasomes and IL-1aa full-length or a truncated form of IL-1a could conceivably have
biological significance, as theymight have differential capacity to
activate the IL-1R1. To test this, we performed a bioassay using
BMDCs differentiated from Il1b/ mice to eliminate the activity
of IL-1b on IL-1R1. The BMDCs were either left untreated (con-
taining no IL-1) or treated with nigericin (containing predomi-
nantly cleaved IL-1a) or 5 mM ATP (containing exclusively
full-length IL-1a). Supernatants were then used for stimulating
a reporter thymoma cell line that responds to IL-1with IL-2 secre-390 Immunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc.tion (Le Moal et al., 1988). Whereas supernatants of unprimed or
primed but unstimulated BMDCs did not cause production of
IL-2 by these reporter cells, supernatants of both ATP-treated
and nigericin-treated LPS-primed IL-1b-deficient BMDCs trig-
gered robust secretion and approximately equal IL-2 production
(Figure 2D, bottom panel, black bars). IL-1a was present at
approximately equal amounts in these samples (Figure 2D, top
panel, black bars), suggesting that the cleaved and uncleaved
forms of IL-1a have a similar degree of activity on IL-1R1.
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Figure 2. IL-1a Secretion Precedes Cell Death, and IL-1a Is Secreted in Uncleaved and Cleaved Forms, Both of which Are Bioactive
(A) BMDCswere stimulated withMSU, alum, ATP, or nigericin for different lengths of time, as indicated. IL-1a and IL-1b production weremeasured by ELISA. Cell
death was quantified by LDH release and is depicted as the percentage of complete cell death (100% death = cells lysed in 0.5% Triton X-100).
(B) Supernatant samples from Figures 1D and 1F were analyzed by immunoblotting for the presence of cleaved and uncleaved IL-1a, IL-1b, and caspase-1.
(C) LPS-primed BMDCs were stimulated with the indicated doses of ATP or nigericin for 1 hr, and cell-free supernatants were analyzed by immunoblotting for the
presence of full-length or cleaved IL-1a, IL-1b, and caspase-1.
(D) BMDCs from wild-type, Il1a /, or Il1b /mice were left unprimed or LPS-primed for 3 hr and left unstimulated or activated with 5 mM ATP or 5 mM nigericin
for 1h. IL-1a and IL-1b secreted into the supernatant were quantified by ELISA (top and middle panels). Diluted supernatants were added to EL-4 reporter cells
and incubated for 20 hr. The amount of IL-2 produced (indicative of the amount of IL-1 in the supernatant) was determined by ELISA (bottom panel). Results
depicted are mean ± SD.
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Inflammasomes and IL-1aSecretion of IL-1a Shows a Differential Requirement
for Inflammasome Components
In line with published data, BMDCs differentiated from
Casp1/, Pycard/, or Nlrp3/mice did not cleave or secrete
caspase-1 or IL-1b upon treatment with MSU, alum, C. albicans,
ATP, nigericin, silica or TiO2, whereas the partially NLRP3-
independent stimulus Clostridium difficile toxin B (Ng et al.,
2010) was able to induce secretion of minor amounts of IL-1b
by Nlrp3/ cells (Figures 3A and 3B).In contrast to IL-1b secretion, IL-1a secretion was for some
stimuli partially independent of the components of the NLRP3
inflammasome. IL-1a secretion in response to ATP, nigericin,
or viable C. albicans was completely dependent on caspase-1,
ASC, and NLRP3. However, a substantial portion of IL-1a was
released in an NLRP3 inflammasome-independent manner
upon treatment with particulate stimuli (MSU, alum, silica, and
TiO2) or C. difficile toxin B (Figures 3C, S2A, and S2B). These
findings suggest the existence of two pathways of IL-1aImmunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc. 391
A B C Figure 3. NLRP3 Activators All Induce
IL-1a Secretion, but Display Differential
Requirement for the Components of the
Inflammasome
BMDCs were prepared from mice of the indicated
knockout strains, as well as from wild-type
C57BL/6 or BALB/c strains. As shown in the top
panels, cells were LPS-primed for 3 hr and left
untreated (medium) or stimulated as indicated.
Cell-free supernatants were analyzed for the sec-
retion of IL-1b (A, top), caspase-1 (B, top), and
IL-1a (C, top; p18 form of IL-1a, unless otherwise
indicated) by immunoblotting. As shown in the
bottom panels, BMDCs were treated as indicated
for 5 hr, washed, lysed in SDS sample buffer,
and analyzed for the presence of pro-IL-1b
(A, bottom), pro-caspase-1 (B, bottom), and pro-
IL-1a (C, bottom) by immunoblotting.
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Inflammasomes and IL-1asecretion by myeloid cells, which differ in their dependency on
the NLRP3 inflammasome.
As IL-1a secretion in response to MSU was largely NLRP3-
independent, and the effects of IL-1a in our in vivo peritonitis
model dominated over that of IL-1b, (Figure 1B), we expected
that deficiency in inflammasome components would have only
a minor effect in this model. Indeed, mice deficient in NLRP3,
ASC, or caspase-1 displayed only a minor or no reduction in
MSU-induced neutrophil influx into the peritoneal cavity (Figures
S2C and S2D).
To address the degree to which the extracellular role of IL-1a
was contributing to MSU-induced peritonitis, we utilized
a neutralizing antibody against IL-1a. Following neutralization
of the soluble IL-1a in the peritoneal cavity, MSU-induced
neutrophil recruitment was markedly impaired (Figures S2C
and S2D). Under conditions of IL-1a depletion by antibody injec-
tion, inflammasome deficiency further suppressed neutrophil
influx. These results indicate that both secreted IL-1a and
NLRP3-dependent IL-1b contribute to MSU-induced peritonitis,
although with clear dominance of IL-1a (Figures S2C and S2D).
Activation of the NLRP1, AIM2 and IPAF Inflammasomes
Leads to Caspase-1-Dependent Cosecretion of IL-1a
and IL-1b
We next tested whether activators of the NLRP1, NLRC4, and
AIM2 inflammasomes could also induce simultaneous secretion
of IL-1a and IL-1b. LPS-primed BMDCs derived from NLRP1-
proficient BALB/c mice and exposed to the NLRP1 activator
anthrax lethal toxin responded with caspase-1-dependent
secretion of IL-1b and IL-1a (Figures 4A and S3A). After transfec-
tion of synthetic double-stranded DNA [poly(dAdT)] to activate
the AIM2 inflammasome, we also observed caspase-1- and
ASC-dependent release of cleaved IL-1b and IL-1a (Figures
4A, 4B, S3B, and S3C). Similarly, activation of the NLRC4 inflam-
masome by exposure to Salmonella typhimurium resulted in
NLRC4- and caspase-1-dependent secretion of IL-1b and
IL-1a (Figures 4A, 4C, 4D, S3D, and S3E). Consistent with
reported ability of NLRC4 to directly engage caspase-1 (Poyet
et al., 2001), the secretion of cleaved IL-1b was partially ASC
independent (Figures 4C and S3E). However, the cleavage and392 Immunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc.secretion of IL-1a in response to S. typhimuriumwas completely
independent of ASC (Figures 4C and S3E). Apart from the NLRP1
inflammasome, which is defective in the C57BL/6 mice, the
mouse background (C57BL/6, SV129, and BALB/c) had no
major influence on the secretion of IL-1a and IL-1b induced
by the different inflammasomes (Figure S3F). Furthermore,
neither mouse background nor deficiency for NLRP3, ASC, or
caspase-1 had an effect on LPS-induced production of proIL-1
(Figures 3 and 4B) or secretion of TNF (Figures S3G–S3I), as
controls for equal cell numbers and priming. Together, these
data demonstrate that the caspase-1-dependent cosecretion
of both IL-1a and cleaved IL-1b is not unique to NLRP3 inflam-
masome activation and also occurs upon activation of other
characterized inflammasomes.
The Inflammasome-Dependent and -Independent
Pathways of IL-1a Secretion Display Differential
Requirements
NLRP3 inflammasome activators induce K+ efflux and ROS
production, and blocking either of these events abrogates
NLRP3 inflammasome activation (Gross et al., 2011). In order
to gain insight into the mechanisms of NLRP3-dependent
and -independent IL-1a secretion, we tested whether these
events were altered by inhibition of K+ efflux or ROS.
Confirming previous results (Franchi et al., 2007; Pe´trilli et al.,
2007), blocking K+ efflux with 40 mM extracellular KCl fully
inhibited IL-1b and caspase-1 cleavage and secretion in
response to all NLRP3 agonists tested (Figure 5A). However, it
was only completely effective in blocking IL-1a secretion in
response to nigericin and ATP. IL-1a secretion in response to
alum or C. albicans was partially blocked with 40 mM KCl,
whereas MSU- or silica-induced IL-1a secretion was indepen-
dent of K+ efflux (Figure 5A). We obtained similar results with
the K+ channel inhibitor glibenclamide and using C. albicans as
a stimulus (Figure S4A).
The glutathione peroxidase mimetic ebselen and the ROS
scavenger (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate (APDC)
were used to investigate the involvement of ROS in IL-1a secre-
tion. Consistent with published findings (Dostert et al., 2008),
ROS inhibitors blocked IL-1b and caspase-1 processing and
AB
C D
Figure 4. NLRP1, NLRC4, and AIM2 Inflammasome Activators Induce IL-1a Secretion in a Strictly Caspase-1-Dependent Manner
(A) Wild-type and Casp1/ BMDCs on NLRP1-proficient BALB/c background were transfected with poly(dAdT) dsDNA (left: 0.25, 0.5, 1, 2 mg ml1), or treated
with Anthrax lethal toxin (LT) (middle: 0.625, 1.25, 2.5, 5, mg ml1), or Salmonella typhimurium (right: MOI 10, 30, 100), or control stimuli as indicated. Cell-free
supernatants were analyzed for the cleavage and secretion of IL-1a, IL-1b, and caspase-1 by immunoblotting.
(B) Wild-type, Nlrp3/, and Pycard/ BMDCs on C57BL/6 background were transfected with poly(dAdT) DNA as in (A), and cell-free supernatants were
analyzed for the cleavage and secretion of IL-1a, IL-1b, and caspase-1 by immunoblotting. The corresponding cell lysates were similarly analyzed (bottom).
(C and D) Wild-type, Pycard/ and Nlrp3/ (C), or wild-type and Nlrc4/ (D) BMDCs on C57BL/6 background were stimulated with Salmonella typhimurium as
in (A), and cell-free supernatants were analyzed for the cleavage and secretion of IL-1a, IL-1b, and caspase-1 by immunoblotting.
Immunity
Inflammasomes and IL-1arelease in response to all tested stimuli in a dose-dependent
manner (Figures 5B and S4B). ROS inhibitors also blocked
IL-1a secretion in response to nigericin, ATP, C. albicans, and
alum,but not in response toMSUor silica (Figure 5B). As a control
for specificity and minimal toxicity in these and all other inhibitor
experiments, we measured LPS-induced TNF production
(Figures S4C–S4F).
It is poorly understood how blocking K+ efflux or ROS inter-
feres with inflammasome activation. One event following the
treatment of myeloid cells with inflammasome activators is the
formation of large ASC-containing complexes (Fernandes-
Alnemri et al., 2007). These complexes can be purified, and treat-
ment with a crosslinking agent after purification leads to therecovery of ASC multimers (Figure 5C). We used the formation
of ASC complexes as a readout to determine at what level in
the process of inflammasome activation these inhibitors act. In
line with the assumption that K+ efflux and elevated ROS are
events upstream of NLRP3 activation, inhibition of either factor
blocked ASC complex formation (Figure 5D). In contrast, treat-
ment with the pan-caspase inhibitor Z-VAD-FMK had no effect
on ASC complex formation.
The particulate or crystalline activators of the NLRP3 inflam-
masome can engage inflammasome-independent secretion of
IL-1a. These stimuli are dependent on phagocytosis for inflam-
masome activation and have been proposed to engage NLRP3
through lysosomal rupture and the activity of released lysosomalImmunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc. 393
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Figure 5. Inflammasome-Independent IL-1a Secretion by Particles Is Independent of ROS and K+ Efflux but Relies on Phagocytosis and
Cathepsin Activity
(A) LPS-primed BMDCswere pretreated with increasing amounts of KCl for 30min and subsequently stimulated with various NLRP3 inflammasome activators as
indicated. Cell-free supernatants were analyzed for the secretion of IL-1b, caspase-1, and IL-1a by immunoblotting.
(B) Primed BMDCs were pretreated with increasing amounts of ebselen for 30 min as indicated and stimulated and analyzed as in (A).
(C) Primed BMDCs were left unstimulated (medium) or treated with ATP. ASC complexes in the insoluble fraction of these cells were purified, crosslinked, and
analyzed by immunoblot.
(D) Primed BMDCs were pretreated with 50 mM KCl, 50 mM ebselen, or 50 mM Z-VAD-FMK and subsequently treated with ATP or nigericin. ASC retention in the
insoluble fraction was analyzed be immunoblot.
(E) Primed wild-type and Nlrp3/ BMDCs were pretreated with the indicated inhibitors and subsequently stimulated with nigericin (top) or MSU (bottom). IL-1a
and IL-1b cleavage and secretion was determined by immunoblot.
(F) Primed Nlrp3/ BMDCs were pretreated with the indicated PI3K inhibitors and subsequently stimulated with MSU. IL-1a secretion was determined by
immunoblotting.
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Inflammasomes and IL-1acathepsins in the cytoplasm (Hornung et al., 2008). In order to
interfere with various points in this pathway, we utilized inhibitors
of actin remodeling (cytochalasin D and latrunculin B) to block
phagocytosis, Ca-074Me to block cathepsin activity, and phos-
phatidylinositol-3-kinases inhibitors (Wortmannin, LY294002,
and PI-103) to block phagocytosis (Cox et al., 1999) and lyso-
somal maturation (Davidson, 1995). In line with previous obser-
vations (Hornung et al., 2008), these inhibitors effectively block
IL-1b production in response to particulate, but not soluble
activators (Figures 5E and S4G). Similarly, IL-1a secretion was
blocked when either phagocytosis or cathepsin activity was
impaired (Figures 5E, 5F, and S4G).394 Immunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc.Thus, for each activator, the dependence of IL-1a secretion on
K+ efflux and ROS approximately reflects its dependency on
NLRP3, ASC, and caspase-1. Although particle-induced IL-1a
secretion is largely independent of K+ efflux or ROS, both
the inflammasome-dependent and -independent pathways of
IL-1a secretion involve phagocytosis, lysosomal maturation,
and the activity of lysosomal cathepsins.
Caspase-1 Proteolytic Activity Is Dispensable for IL-1
Secretion
Because IL-1a is not cleaved by caspase-1, we sought to deter-
mine whether or not caspase-1 activity was required for IL-1a
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Figure 6. Caspase-1 Regulates IL-1 Secretion Independent of Its Protease Activity
(A) Primed wild-type and caspase-1-deficient BMDCs were pretreated with 10 mM Z-VAD-FMK or left uninhibited and subsequently stimulated with various
inflammasome activators, as indicated. IL-1a and IL-1b secretion was quantified by ELISA.
(B) Primed wild-type BMDCs were pretreated with 20 mM of the capsase-1 inhibitors QVD or Z-YVAD-FMK or Z-VAD-FMK or left uninhibited and subsequently
stimulated with various inflammasome activators, as indicated. IL-1a and IL-1b secretion was quantified by ELISA.
(C) Primed BMDCs were pretreated with increasing amounts of Z-VAD-FMK (1.56, 3.13, 6.25, 12.5, 25 mM) for 300 and stimulated with different inflammasome
activators, as indicated. Cell-free supernatants were analyzed for the cleavage and secretion of IL-1a, IL-1b and caspase-1 by immunoblotting.
(D) Primed wild-type or Nlrp3/ BMDCs were pretreated with 20 mM Z-VAD-FMK or 50 mM KCl or left uninhibited and subsequently stimulated with ATP. ASC
complexes were purified, crosslinked, and analyzed by immunoblotting. Cell lysate of primed but unstimulated wild-type cells served as a control (cell lysates).
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Inflammasomes and IL-1asecretion. In line with published results (Martinon et al., 2006),
the levels of cleaved IL-1b detected by ELISA in the supernatants
of cells treated with NLRP3 activators were dramatically
decreased if the cells were cotreated with pan caspase inhibitor
Z-VAD-FMK (Figure 6A). Consistent with the ability of particulate
stimuli to induce caspase-1-independent secretion of IL-1a,
IL-1a secretion in response, these activators was not affected
caspase inhibition. Surprisingly, however, and in contrast to
caspase-1 deficiency, the caspase inhibitor had no effect on
IL-1a secretion in response to ATP or nigericin (Figures 6A and
S5A). Similar results were obtained with the more specific
caspase-1 inhibitors Q-VD-OPH and Z-YVAD-FMK (Figure 6B).
ATP- or nigericin-induced IL-1a secretion in the presence of
Z-VAD-FMK remains dependent on the caspase-1 protein (Fig-ure 6A). Furthermore, Z-VAD-FMK treatment did not alter LPS-
induced TNF production or lead to increased toxicity (Figures
S5B and S5C).
To gain further insight into why caspase-1 deficiency and
caspase inhibition gave different results, we treated cells with
various NLRP3 inflammasome activators in the presence of
increasing amounts of Z-VAD-FMK and analyzed the superna-
tants by immunoblotting. In line with the ELISA results,
increasing amounts of Z-VAD-FMK did not interfere with IL-1a
secretion upon stimulation with MSU, alum, ATP, or nigericin
(Figure 6C). In contrast, but as expected on the basis of previ-
ously published results (Martinon et al., 2006), the caspase inhib-
itor led to decreased levels of cleaved fragments of caspase-1
and IL-1b in the supernatant (Figure 6C). However, it did notImmunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc. 395
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Inflammasomes and IL-1ablock but rather enhanced the release of the uncleaved forms of
both caspase-1 and IL-1b. This suggests that the two different
ELISA kits used in this study (Figure S5A) preferentially detect
the cleaved form of IL-1b, a phenomenon that has been
described in previous reports (Wewers et al., 1993). Indeed, an
ELISA that specifically detects the full-length form of IL-1b and
not the cleaved form confirms that pro-IL-1b is secreted by stim-
ulated cells in the absence of caspase-1 proteolytic activity
(Figure S5A).
These data suggest a protease activity-independent func-
tion of caspase-1. Therefore, we sought to determine whether
caspase-1 interacts with other proteins independent of its
proteolytic activity. Upon activation of the inflammasome,
caspase-1 is recruited to the complex via its caspase-activation
and recruitment domain (CARD) and is subsequently activated
by an autoproteolytic processing event that results in removal
of the CARD domain. In line with this, we find that the active
p20 subunit of caspase-1 (which no longer contains the CARD
domain) is not found in preparations of NLRP3 activator-induced
insoluble ASC complexes (Figure 6D). However, when caspase
activity is suppressed, caspase-1 is retained in the insoluble
fraction (Figure 6D). Neither NLRP3 nor IL-1b are detected in
the complex under any conditions (Figure 6D). ASC is present
in the insoluble fraction in what has been interpreted as oligo-
meric complexes on the basis of the band size after protein
crosslinking (Fernandes-Alnemri et al., 2007). In contrast to
ASC, crosslinked caspase-1 appears as a high molecular weight
smear after inflammasome activation (Figure 6D), suggesting
that caspase-1 interacts with multiple partners of varying molec-
ular weight. Therefore, caspase-1 indeed appears to form stable
interactions independent of protease activity.
CalciumChannels Activate Inflammasome-Independent
Cleavage and Release of IL-1a
Our data indicate that IL-1a is cleaved upon inflammasome acti-
vation, but that this process is independent of caspase-1
activity, regardless of the activator (Figure 6C). In vitro studies
have shown that proIL-1a can be cleaved by calpains (Carruth
et al., 1991; Kobayashi et al., 1990). By performing mass spec-
trometry on IL-1a immunoprecipitated from alum-stimulated
BMDCs, we determined that cleavage of IL-1a induced by
both the inflammasome-dependent and -independent pathways
occurs at a single cleavage site, namely R114-S115 (Figure S6A).
This cleavage site is in agreement with aforementioned re-
ports of the calpain-mediated cleavage of IL-1a and leads to
a C-terminal form of IL-1a with a calculated mass of 18 kDa.
An in vitro assay of IL-1a cleavage with hypotonic lysates of
BMDCs confirmed that although caspase-1 activity is dispens-
able for IL-1a processing in lysates of these cells, the activity
of a calcium-dependent calpain-like protease is required (Fig-
ures 7A and S6B–S6E).
To test whether calpain activity is involved in IL-1a processing
in intact cells treated with inflammasome activators, we directly
measured calpain activity in BMDCs by using the reporter
substrate Suc-LLVY-aminoluciferin. Indeed, we find that calpain
activity is induced upon treatment with all tested inflammasome
activators (Figure 7B). Similar to our findings on the partial
inflammasome-independency of IL-1a release, calpain activa-
tion is also largely NLRP3-independent for particulate activators396 Immunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc.(Figure 7B). Furthermore, IL-1a cleavage in particulate-treated
cells is independent of NLRP3, and IL-1a cleavage does not
occur extracellularly (Figures 7C and S6F). In contrast, both
calpain activity and intracellular IL-1a cleavage induced by niger-
icin are dependent on NLRP3. Although ATP induces NLRP3-
dependent calpain activity, it does not lead to the appearance
of cleaved IL-1a in the supernatant or the cell lysate (Figures
7B and 7C). This may be attributed to the accelerated kinetics
of IL-1a secretion induced by ATP (Figure 2A).
Given the various associations of IL-1a cleavage with the
activity of a calpain-like protease, as well as the requirement of
calcium (Ca2+) for IL-1a cleavage in vitro, we speculated that
these factors may also influence the secretion of IL-1a. Iono-
mycin is a Ca2+ ionophore commonly used to raise intracellular
levels of Ca2+. We found that the addition of ionomycin to
LPS-primed BMDCs indeed induced rapid, dose-dependent
secretion of cleaved IL-1a, without causing secretion of IL-1b
or caspase-1 (Figures 7D, 7E, and S7A). This correlated with
the ability of ionomycin to induce calpain activity (Figure 7B).
Furthermore, neither caspase-1-deficiency nor inhibition of K+
efflux or ROS influenced ionomycin-induce IL-1a cleavage or
secretion (Figures S7A–S7C). These findings demonstrate that
Ca2+ influx is sufficient for inducing inflammasome-independent
IL-1a processing and secretion.
Because ionomycin is of bacterial origin, we next investigated
whether Ca2+ influx triggered by endogenous Ca2+ channels also
triggers IL-1a processing and secretion. TRPV2 is a Ca2+
channel expressed in myeloid cells. Physiologically, it is acti-
vated upon and required for phagocytosis (Link et al., 2010).
However, it can be activated pharmacologically by tetrahydro-
cannabinol (THC) (Link et al., 2010) or sphingosine (Monet
et al., 2009). Stimulation of BMDCs with THC or sphingosine
led to Ca2+ influx (Figures S7D and S7E), calpain activation (Fig-
ure 7B), and the robust secretion of cleaved IL-1a (Figures 7E
and 7F). In contrast to ionomycin treatment, however, TRPV2
activation also resulted in the release of processed IL-1b and
caspase-1 (Figures 7E and 7F). This is likely explained by the
fact that unlike ionomycin, TRP channels allow K+ efflux in addi-
tion to Ca2+ influx (Beech et al., 2004).
Inhibition of the inflammasome by blocking K+ efflux or by
caspase-1 deficiency dramatically reduced secretion of cleaved
IL-1b in response to TRPV2 activators, but resulted in only a
marginal decrease in secretion of cleaved IL-1a (Figures 7F
and S7A). Ca2+ influx and calpain activity induced by TRPV2 acti-
vators were, similarly, not affected by inhibition of the inflamma-
some by genetic or pharmacological means (Figures 7B and
S7D). Similar results were seen when monitoring Ca2+ influx
using ATP as a stimulus (Figures S7E and S7F). Together, we
found no evidence that inflammasome activity, or the upstream
events of K+ efflux and ROS production, have an influence on
Ca2+ influx induced by any of the tested activators.
Although THC and sphingosine are established activators of
TRPV2, it is unclear under what circumstances a myeloid cell
might encounter significant amounts of these compounds.
In addition to its role in phagocytosis, TRPV2 and other TRP
channels are sensors of osmotic and mechanical stress (Clap-
ham, 2003). Osmotic stress is a primitive danger signal, and
hypotonic conditions can induce inflammation (Levine and Saltz-
man, 2001). Interestingly, hypotonic conditions induced robust
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Figure 7. Ca2+ Signaling Is Involved in Intracellular IL-1a Cleavage by a Calpain-like Protease and Sufficient for Inflammasome-Independent
Secretion
(A) Primed BMDCs were disrupted in hypotonic lysis buffer and incubated for 10 min at 37C in the absence or presence of 5 mM EDTA and different amounts of
the calpain inhibitor MDL-28170 or combinations thereof, as indicated. The lysateswere analyzed by immunoblotting for the presence of IL-1a and IL-1b cleavage
fragments. Cells directly lysed in SDS sample buffer (SDS) served as a control. NS, nonspecific.
(B) Inflammasome activator-induced calpain activity in wild-type and Nlrp3/ cells was determined by induced luciferase activity and is depicted relative to
unstimulated cells.
(C) Primed wild-type andNlrp3/ cells were left unstimulated or treated with inflammasome activators as indicated. Intracellular IL-1a cleavage was determined
by ELISA and is depicted in correlation to the IL-1a and IL-1b signal detected in the supernatants of the same cells.
(D) Primed BMDCswere stimulatedwith increasing amounts of ionomycin as indicated for 1 hr, and cell-free supernatants were analyzed for the secretion of IL-1a
by immunoblotting.
(E) Primed BMDCswere stimulated with THC, sphingosine, ionomycin, and control stimuli as indicated and cell-free supernatants were analyzed for the secretion
of IL-1a, IL-1b, and caspase-1 by immunoblotting.
(F) Primed BMDCs fromCasp1/ or wild-typemice were either left untreated or pretreated with 50mMKCl for 300 and stimulated with different amount of THC or
sphingosine as indicated for 1 hr. Cell-free supernatants were analyzed for the cleavage and secretion of IL-1a, IL-1b and caspase-1 by immunoblotting.
(G) Primed wild-type or Nlrp3/ BMDCs were subjected to increasing hypotonic conditions (300, 150, 90, 45 mOsm) and control stimuli as indicated. Cell-free
supernatants were analyzed for the cleavage and secretion of IL-1a, IL-1b and caspase-1 by immunoblotting.
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Inflammasomes and IL-1asecretion of cleaved IL-1a from BMDCs (Figure 7G). Similar to
the pharmacological activation of TRPV2 (Figures 6E and 6F),
this was accompanied by a substantial release of the mature
forms of IL-1b and caspase-1. Interestingly, secretion of both
IL-1 cytokines and caspase-1 was dependent on NLRP3, indi-
cating that osmotic stress is an activator of the NLRP3 inflamma-
some (Figure 7G).
DISCUSSION
Inflammasomes play a key role in protective and pathogenic
inflammation. This has been largely attributed to their capacity
to process and direct secretion of IL-1b. In contrast to IL-1b,
IL-1a has been considered an endogenous danger signal, in
that it was previously reported to be widely and constitutively ex-
pressed, active in its uncleaved form, and passively released
after cell death (Chen et al., 2007; Dinarello, 2009). We report
here that IL-1a has much more in common with IL-1b in terms
of its source and activation mechanisms than previously appre-
ciated. IL-1a expression is largely restricted to stimulated
myeloid cells, and its secretion requires a specific stimulus. All
inflammasome activators tested can provide this signal and
thus induce the simultaneous secretion of similar amounts of
IL-1a and IL-1b both in vitro and in vivo.
These results suggest that the proinflammatory potential of
inflammasome activators relies on both IL-1 cytokines, not
only IL-1b. Indeed, data reported herein and in previous studies
show a substantial contribution of not only IL-1b but also IL-1a in
numerous disease models (Duewell et al., 2010; Kamari et al.,
2011; Vonk et al., 2006; Yazdi et al., 2010). Inhibition of IL-1R1
with a recombinant IL-1 receptor antagonist (rIL-1RA) has
been used therapeutically not only for rare hereditary fever syn-
dromes, but also for more common diseases such as gout
(So et al., 2010) and type 2 diabetes (Mandrup-Poulsen et al.,
2010). The success of rIL-1RA may be attributed to its ability
to block binding of both IL-1 cytokines to IL-1R1. rIL-1RA
must be administered daily by injection, whereas neutralizing
antibodies represent a less cumbersome regimen in that they
require only a few injections per year (So et al., 2010). Thus
far, neutralizing antibodies against IL-1b are the only alternatives
to rIL-1RA therapy being tested in clinical trials (So et al., 2010).
Our findings suggest that for some diseases IL-1a may play an
equal if not greater role than IL-1b in IL-1R1-dependent
pathology. Thus, neutralizing antibodies against IL-1a, either
alone or in parallel to IL-1b neutralization, may be beneficial in
certain diseases.
Despite the fact that IL-1a is secreted in response to all
NLRP3 inflammasome activators tested, its secretion was not
universally inflammasome dependent. The inflammasome-inde-
pendent arm of IL-1a secretion is triggered by particulate activa-
tors of NLRP3, but not other activators like ATP and nigericin.
These results may explain why previous studies using different
activators of the NLRP3 inflammasome came to different
conclusions regarding the inflammasome dependence of IL-1a
secretion (Guarda et al., 2011; Keller et al., 2008; Yazdi et al.,
2010).
Inflammasome-independent secretion of IL-1a was observed
not only in response to particles but also in C. difficile toxin B,
and activators of TRP channels. Many of these activators of398 Immunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc.IL-1a secretion are inducers of Ca2+ influx (Beech et al., 2004;
Gilbert et al., 1995). The fact that IL-1a can be cleaved by
calpains (Carruth et al., 1991; Kavita and Mizel, 1995; Kobayashi
et al., 1990), which are Ca2+-dependent cytoplasmic proteases,
further implicates calcium signaling in the IL-1a regulation.
Indeed, using the calcium ionophore ionomycin, we demonstrate
that Ca2+ influx can be sufficient for IL-1a cleavage and secre-
tion. Nonetheless, the mechanism by which calcium signaling
controls IL-1a secretion independent of the inflammasome
remains unknown. Our data in which inflammasome-activating
particles and activators of TRPV2 are used demonstrate that
IL-1a secretion and inflammasome activation can occur in
parallel but largely independent of one another. Furthermore,
we did not find any evidence of a direct influence of inflamma-
some activity or its upstream events on calcium influx, or vice
versa. However, we do show that NLRP3 is required for efficient
activation of calpains and intracellular cleavage of IL-1a in
response to activators such as nigericin that induce inflamma-
some-dependent IL-1a secretion. This suggests that while
events downstream of inflammasome signaling and calcium
influx are in principle independent of one another, they can
regulate common processes.
Osmotic stress is sensed by certain TRP channels, including
TRPV2 (Clapham, 2003), and is an evolutionarily conserved
danger signal that induces inflammation in mammals by an
unknown mechanism (Levine and Saltzman, 2001; Strange
et al., 1996). Our investigation of the ability of TRP channels to
induced inflammasome activation identified osmotic stress as
a novel activator of the NLRP3 inflammasome. Whether TRPV2
is the TRP channel responsible for inflammasome activation
induced by osmotic stress remains to be investigated. Other
types of cellular stress such asmechanical stress can be sensed
by TRP channels and can also induce inflammation (Clapham,
2003). Thus, it may be of interest to study whether activation of
other TRP channels can lead to inflammasome activation in
response to other types of cellular stress. Finally, these findings
may also relate to the ability of particulate stimuli to induce
inflammasome activation. TRPV2-mediated Ca2+ and K+ fluxes
are required for particle phagocytosis (Link et al., 2010). Further-
more, inflammasome-activating particles such asMSUand alum
have a charged surface that has been proposed to be perceived
by cells in a similar way as osmotic stress (Schorn et al., 2011).
Thus, induction of osmotic stress signaling may contribute to
the ability of particulates to induce inflammasome activation.
Numerous previous studies, including our own, have
demonstrated that treatment with caspase inhibitors such as
Z-VAD-FMK dramatically reduce the level of IL-1b detected in
the supernatants of cells stimulated with inflammasome activa-
tors (Hornung et al., 2008; Martinon et al., 2006). This finding
has led to the assumption in the literature that IL-1b cleavage
and release occur in parallel and are both require the proteolytic
activity of caspase-1 (Gross et al., 2011; Ting et al., 2008).
However, our data suggest that the ability of caspase-1 to
control secretion of IL-1 is independent of its protease activity.
Although IL-1a secretion in response to inflammasome-
dependent activators was fully dependent on the presence of
caspase-1, it was completely independent of the protease
activity of this protein. Equally remarkable was the finding that,
whereas caspase inhibition blocked cleavage of caspase-1
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Inflammasomes and IL-1aand IL-1b, the uncleaved forms of these proteins were still
secreted. However, our findings are in contrast to a study
showing that genetic deletion and pharmacological inhibition of
caspase-1 both partially inhibit unconventional protein secretion
induced by ATP (Keller et al., 2008). There are a number of meth-
odological differences including the cell system and the duration
and strength of stimulation that may influence inflammasome
activation and cell death, which may in turn account for our
disparate findings.
Perhaps the most significant implication of our findings is
that caspase-1-dependent unconventional protein secretion
may be mediated by interaction of caspase-1 with nonsubstrate
targets. Indeed, we find that caspase-1 interacts with numerous
currently unknown partners in a signal-specific manner. Despite
thorough characterization of the substrate profile of caspase-1
(Shao et al., 2007), investigation of caspase-1 substrates has
yet to yield insight into the process of IL-1 secretion. Future
research addressing the protease activity-independent mode
of action of caspsase-1, which is likely dependent on interac-
tions with nonsubstrate proteins, will provide deeper under-
standing of inflammasome biology and of caspase-1-dependent
unconventional protein secretion.
EXPERIMENTAL PROCEDURES
Mice
All mouse strains used in this study are published (see Supplemental Informa-
tion) and were housed at the Center of Infection and Immunity animal facility at
the University of Lausanne. All animal experiments followed the Swiss Federal
Veterinary Office guidelines.
MSU-Induced Peritonitis
Peritonitis was induced in 6- to 10-week-old age- and sex-matched mice by
intraperitoneal (i.p.) injection of 1 mg MSU. For blocking IL-1a, mice were
injected i.p. with 80 mg the neutralizing anti-IL-1a antibody (clone ALF-161,
eBioscience) 30 min prior to MSU injection. After 4 hr, the peritoneal cavity
was flushed with sterile PBS. The lavage fluid was centrifuged and the super-
natant was concentrated with Amicon Ultra Centrifugal Filters (Millipore) and
analyzed by ELISA for the indicated cytokines. The pelleted cells were counted
and analyzed for the influx of neutrophils (CD11b+, Gr1+, F4/80) by flow
cytometry. Propidium iodide staining was used for exclusion of dead cells.
Data were collected with a FACSCalibur (BD) and analyzed with FLOWJO soft-
ware (Tree Star).
Inflammasome Assays
Cell preparation, inflammasome activation, and inflammasomemeasurements
were performed as described (Gross, 2012) and outlined in detail in the
Supplemental Information. In brief, bone marrow-derived myeloid cells were
plated in 96-well plates at a density of 106 cells ml1, primed with 10 ng
ml1E. coli K12 ultra-pure LPS (Invivogen) for 3 hr, and treated with inflamma-
some activators for 0.5–6 hr. All stimulations were performed in triplets and
cytokine production in cell-free supernatants was measured by ELISA (R&D
Systems and eBioscience). All inflammasome activators were carefully titrated
and used at the lowest dose as well as the shortest interval required to cause
significant IL-1 release. The same applies to the inhibitors used, which were
typically added 2.5 hr after priming and 30min before addition of the inflamma-
some activator. For analysis of supernatants by immunoblotting, triplet
samples were pooled and analyzed with standard techniques (Gross, 2012).
Polyclonal antibodies against mouse IL-1b (sheep) and caspase-1 (rabbit)
were generous gifts from R. Solari (Glaxo) and P. Vandenabeele (Ghent
University, Belgium), respectively. Polyclonal anti-mouse IL-1b (goat, AF-401)
was from R&D Systems. Monoclonal anti-mouse caspase-1 p20 (mouse,
Casper-1), IL-1a (hamster, ALF-161), and IL-1b (hamster, B122) were from
AdipoGen and eBioscience, respectively.SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.immuni.2012.01.018.
ACKNOWLEDGMENTS
We greatly appreciate the support of F. Martinon and N. Fasel in the time since
Ju¨rg Tschopp’s passing. Many thanks to R. Castillo, A. Tardivel, and the staff
at the Protein Analysis Facility for technical support, and H.R. MacDonald and
E. Fiorini for help with the EL-4 thymoma cell line. This work is supported by an
EMBO long-term fellowship to O.G. and NSERC postgraduate scholarships to
C.J.T. A.S.Y. is supported by a Marie Curie RTN fellowship and by DFG grant
YA182/2-1, and S.K.D is supported by a DFG fellowship. Studies in the labo-
ratory of J.T. are funded by grants of the Swiss National Science Foundation,
the EU Apo-Sys program, the Institute of Arthritis Research, the Louis-Jeantet
Foundation, and NCCR Molecular Oncology. Work in O.G.’s laboratory is
funded by the Bavarian Ministry of Sciences, Research and the Arts in the
Framework of the Bavarian Molecular Biosystems Research Network. O.G.,
A.S.Y., and J.T. designed the research; O.G., A.S.Y., C.J.T., L.X.H., M.M.,
S.K.D., G.G., and M.Q. performed experiments; O.G. prepared the figures,
and O.G., A.S.Y., C.J.T., and J.T. wrote the manuscript.
Received: September 19, 2011
Revised: December 5, 2011
Accepted: January 21, 2012
Published online: March 22, 2012
REFERENCES
Beech, D.J., Muraki, K., and Flemming, R. (2004). Non-selective cationic
channels of smooth muscle and the mammalian homologues of Drosophila
TRP. J. Physiol. 559, 685–706.
Carruth, L.M., Demczuk, S., and Mizel, S.B. (1991). Involvement of a calpain-
like protease in the processing of the murine interleukin 1 alpha precursor.
J. Biol. Chem. 266, 12162–12167.
Chen, C.J., Kono, H., Golenbock, D., Reed, G., Akira, S., andRock, K.L. (2007).
Identification of a key pathway required for the sterile inflammatory response
triggered by dying cells. Nat. Med. 13, 851–856.
Clapham, D.E. (2003). TRP channels as cellular sensors. Nature 426, 517–524.
Cox, D., Tseng, C.C., Bjekic, G., and Greenberg, S. (1999). A requirement for
phosphatidylinositol 3-kinase in pseudopod extension. J. Biol. Chem. 274,
1240–1247.
Davidson, H.W. (1995). Wortmannin causes mistargeting of procathepsin D.
evidence for the involvement of a phosphatidylinositol 3-kinase in vesicular
transport to lysosomes. J. Cell Biol. 130, 797–805.
Di Paolo, N.C., Miao, E.A., Iwakura, Y., Murali-Krishna, K., Aderem, A., Flavell,
R.A., Papayannopoulou, T., and Shayakhmetov, D.M. (2009). Virus binding
to a plasma membrane receptor triggers interleukin-1 alpha-mediated pro-
inflammatory macrophage response in vivo. Immunity 31, 110–121.
Dinarello, C.A. (2009). Immunological and inflammatory functions of the inter-
leukin-1 family. Annu. Rev. Immunol. 27, 519–550.
Dostert, C., Pe´trilli, V., Van Bruggen, R., Steele, C., Mossman, B.T., and
Tschopp, J. (2008). Innate immune activation through Nalp3 inflammasome
sensing of asbestos and silica. Science 320, 674–677.
Duewell, P., Kono, H., Rayner, K.J., Sirois, C.M., Vladimer, G., Bauernfeind,
F.G., Abela, G.S., Franchi, L., Nun˜ez, G., Schnurr, M., et al. (2010). NLRP3
inflammasomes are required for atherogenesis and activated by cholesterol
crystals. Nature 464, 1357–1361.
Fernandes-Alnemri, T., Wu, J., Yu, J.W., Datta, P., Miller, B., Jankowski, W.,
Rosenberg, S., Zhang, J., and Alnemri, E.S. (2007). The pyroptosome:
A supramolecular assembly of ASC dimers mediating inflammatory cell death
via caspase-1 activation. Cell Death Differ. 14, 1590–1604.
Franchi, L., Kanneganti, T.D., Dubyak, G.R., and Nu´n˜ez, G. (2007). Differential
requirement of P2X7 receptor and intracellular K+ for caspase-1 activationImmunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc. 399
Immunity
Inflammasomes and IL-1ainduced by intracellular and extracellular bacteria. J. Biol. Chem. 282, 18810–
18818.
Fuhlbrigge, R.C., Sheehan, K.C., Schreiber, R.D., Chaplin, D.D., and Unanue,
E.R. (1988). Monoclonal antibodies to murine IL-1 alpha. Production, charac-
terization, and inhibition of membrane-associated IL-1 activity. J. Immunol.
141, 2643–2650.
Gilbert, R.J., Pothoulakis, C., LaMont, J.T., and Yakubovich, M. (1995).
Clostridium difficile toxin B activates calcium influx required for actin
disassembly during cytotoxicity. Am. J. Physiol. 268, G487–G495.
Gross, O. (2012). Measuring the inflammasome. Methods Mol. Biol. 844,
199–222.
Gross, O., Poeck, H., Bscheider, M., Dostert, C., Hannesschla¨ger, N., Endres,
S., Hartmann, G., Tardivel, A., Schweighoffer, E., Tybulewicz, V., et al. (2009).
Syk kinase signalling couples to the Nlrp3 inflammasome for anti-fungal host
defence. Nature 459, 433–436.
Gross, O., Thomas, C.J., Guarda, G., and Tschopp, J. (2011). The inflamma-
some: An integrated view. Immunol. Rev. 243, 136–151.
Guarda, G., Braun, M., Staehli, F., Tardivel, A., Mattmann, C., Fo¨rster, I., Farlik,
M., Decker, T., Du Pasquier, R.A., Romero, P., and Tschopp, J. (2011). Type I
interferon inhibits interleukin-1 production and inflammasome activation.
Immunity 34, 213–223.
Hornung, V., Bauernfeind, F., Halle, A., Samstad, E.O., Kono, H., Rock, K.L.,
Fitzgerald, K.A., and Latz, E. (2008). Silica crystals and aluminum salts activate
the NALP3 inflammasome through phagosomal destabilization. Nat. Immunol.
9, 847–856.
Howard, A.D., Kostura, M.J., Thornberry, N., Ding, G.J., Limjuco, G., Weidner,
J., Salley, J.P., Hogquist, K.A., Chaplin, D.D., Mumford, R.A., et al. (1991). IL-1-
converting enzyme requires aspartic acid residues for processing of the IL-1
beta precursor at two distinct sites and does not cleave 31-kDa IL-1 alpha.
J. Immunol. 147, 2964–2969.
Joosten, L.A., Van De Veerdonk, F.L., Vonk, A.G., Boerman, O.C., Keuter, M.,
Fantuzzi, G., Verschueren, I., Van Der Poll, T., Dinarello, C.A., Kullberg, B.J.,
et al. (2010). Differential susceptibility to lethal endotoxaemia in mice deficient
in IL-1a, IL-1b or IL-1 receptor type I. APMIS 118, 1000–1007.
Kamari, Y., Shaish, A., Shemesh, S., Vax, E., Grosskopf, I., Dotan, S., White,
M., Voronov, E., Dinarello, C.A., Apte, R.N., and Harats, D. (2011). Reduced
atherosclerosis and inflammatory cytokines in apolipoprotein-E-deficient
mice lacking bone marrow-derived interleukin-1a. Biochem. Biophys. Res.
Commun. 405, 197–203.
Kavita, U., and Mizel, S.B. (1995). Differential sensitivity of interleukin-1 alpha
and -beta precursor proteins to cleavage by calpain, a calcium-dependent
protease. J. Biol. Chem. 270, 27758–27765.
Keller, M., Ru¨egg, A., Werner, S., and Beer, H.D. (2008). Active caspase-1 is
a regulator of unconventional protein secretion. Cell 132, 818–831.
Kobayashi, Y., Yamamoto, K., Saido, T., Kawasaki, H., Oppenheim, J.J., and
Matsushima, K. (1990). Identification of calcium-activated neutral protease as
a processing enzyme of human interleukin 1 alpha. Proc. Natl. Acad. Sci. USA
87, 5548–5552.
Le Moal, M.A., Stoeck, M., Cavaillon, J.M., MacDonald, H.O., and Truffa-
Bachi, P. (1988). A sensitive, IL-2-independent, assay for IL-1. J. Immunol.
Methods 107, 23–30.
Levine, S., and Saltzman, A. (2001). Peritoneal toxicity of water: A model of
chronic peritonitis caused by osmotic dysequilibrium in rats. J. Appl.
Toxicol. 21, 303–306.400 Immunity 36, 388–400, March 23, 2012 ª2012 Elsevier Inc.Link, T.M., Park, U., Vonakis, B.M., Raben, D.M., Soloski, M.J., and Caterina,
M.J. (2010). TRPV2 has a pivotal role in macrophage particle binding and
phagocytosis. Nat. Immunol. 11, 232–239.
Mandrup-Poulsen, T., Pickersgill, L., and Donath, M.Y. (2010). Blockade of
interleukin 1 in type 1 diabetes mellitus. Nat Rev Endocrinol 6, 158–166.
Martinon, F., Pe´trilli, V., Mayor, A., Tardivel, A., and Tschopp, J. (2006).
Gout-associated uric acid crystals activate the NALP3 inflammasome.
Nature 440, 237–241.
Monet, M., Gkika, D., Lehen’kyi, V., Pourtier, A., Vanden Abeele, F., Bidaux, G.,
Juvin, V., Rassendren, F., Humez, S., and Prevarsakaya, N. (2009).
Lysophospholipids stimulate prostate cancer cell migration via TRPV2 channel
activation. Biochim. Biophys. Acta 1793, 528–539.
Mosley, B., Urdal, D.L., Prickett, K.S., Larsen, A., Cosman, D., Conlon, P.J.,
Gillis, S., and Dower, S.K. (1987). The interleukin-1 receptor binds the human
interleukin-1 alpha precursor but not the interleukin-1 beta precursor. J. Biol.
Chem. 262, 2941–2944.
Ng, J., Hirota, S.A., Gross, O., Li, Y., Ulke-Lemee, A., Potentier, M.S., Schenck,
L.P., Vilaysane, A., Seamone, M.E., Feng, H., et al. (2010). Clostridium difficile
toxin-induced inflammation and intestinal injury aremediated by the inflamma-
some. Gastroenterology 139, 542–552, 552, e1–e3.
Pe´trilli, V., Papin, S., Dostert, C., Mayor, A., Martinon, F., and Tschopp, J.
(2007). Activation of the NALP3 inflammasome is triggered by low intracellular
potassium concentration. Cell Death Differ. 14, 1583–1589.
Poyet, J.L., Srinivasula, S.M., Tnani, M., Razmara, M., Fernandes-Alnemri, T.,
and Alnemri, E.S. (2001). Identification of Ipaf, a human caspase-1-activating
protein related to Apaf-1. J. Biol. Chem. 276, 28309–28313.
Schorn, C., Frey, B., Lauber, K., Janko, C., Strysio, M., Keppeler, H., Gaipl,
U.S., Voll, R.E., Springer, E., Munoz, L.E., et al. (2011). Sodium overload and
water influx activate the NALP3 inflammasome. J. Biol. Chem. 286, 35–41.
Schroder, K., and Tschopp, J. (2010). The inflammasomes. Cell 140, 821–832.
Shao, W., Yeretssian, G., Doiron, K., Hussain, S.N., and Saleh, M. (2007). The
caspase-1 digestome identifies the glycolysis pathway as a target during
infection and septic shock. J. Biol. Chem. 282, 36321–36329.
Sims, J.E., and Smith, D.E. (2010). The IL-1 family: Regulators of immunity.
Nat. Rev. Immunol. 10, 89–102.
So, A., De Meulemeester, M., Pikhlak, A., Yu¨cel, A.E., Richard, D., Murphy, V.,
Arulmani, U., Sallstig, P., and Schlesinger, N. (2010). Canakinumab for the
treatment of acute flares in difficult-to-treat gouty arthritis: Results of a multi-
center, phase II, dose-ranging study. Arthritis Rheum. 62, 3064–3076.
Strange, K., Emma, F., and Jackson, P.S. (1996). Cellular and molecular
physiology of volume-sensitive anion channels. Am. J. Physiol. 270, C711–
C730.
Ting, J.P., Willingham, S.B., and Bergstralh, D.T. (2008). NLRs at the intersec-
tion of cell death and immunity. Nat. Rev. Immunol. 8, 372–379.
Vonk, A.G., Netea, M.G., van Krieken, J.H., Iwakura, Y., van der Meer, J.W.,
and Kullberg, B.J. (2006). Endogenous interleukin (IL)-1 alpha and IL-1 beta
are crucial for host defense against disseminated candidiasis. J. Infect. Dis.
193, 1419–1426.
Wewers, M.D., Pope, H.A., and Miller, D.K. (1993). Processing proIL-1 beta
decreases detection by a proIL-1 beta specific ELISA but increases detection
by a conventional ELISA. J. Immunol. Methods 165, 269–278.
Yazdi, A.S., Guarda, G., Riteau, N., Drexler, S.K., Tardivel, A., Couillin, I., and
Tschopp, J. (2010). Nanoparticles activate the NLR pyrin domain containing 3
(Nlrp3) inflammasome and cause pulmonary inflammation through release of
IL-1a and IL-1b. Proc. Natl. Acad. Sci. USA 107, 19449–19454.
